correlation between primary and permanent caries scores indicated that 18% of the covariation in these traits was due to common genetic factors (p ! 0.01). Therefore, dental caries in primary and permanent teeth may be partly attributable to different suites of genes or genes with differential effects. Sex and age explained much of the phenotypic variation in permanent, but not primary, dentition. Further, including pre-cavitated white-spot lesions in the phenotype definition substantially increased the heritability estimates for dental caries. In conclusion, our results show that dental caries are heritable, and suggest that genes affecting susceptibility to caries in the primary dentition may differ from those in permanent teeth. Moreover, metrics for quantifying caries that incorporate white-spot lesions may serve as better phenotypes in genetic studies of the causes of tooth decay.
The etiology of dental caries is thought to involve a complex interplay of environmental (including behavioral) and genetic factors. Although the environmental risk factors for dental caries have been studied for many years [Hunter, 1988; Anderson, 2002] , the role of genes in the development of dental caries is largely unknown.
Pioneer twin studies investigating the heritability (i.e. proportion of variation due to genes) of dental caries in both children [Liu et al., 1998; Bretz et al., 2005a Bretz et al., , 2005b Bretz et al., , 2006 and adults [Horowitz et al., 1958; Goodman et al., 1959; Boraas et al., 1988; Shuler, 2001] have clearly supported the key role of genetics in tooth decay. However, the robustness of these studies was limited due to their small sample sizes and their exclusive use of twins (which can lead to inflated heritability estimates). Moreover, because previous studies focused largely on either children or adults, a comprehensive comparison of the influence of genetic factors on dental caries in primary versus permanent dentition has not been performed. It is unclear whether the heritability of tooth decay is similar for primary and permanent dentitions, and whether the same or different genes are involved.
Moreover, dental caries is an especially complex phenotype that cannot be readily summarized into a single, biologically meaningful, metric. Is it currently unknown which methods of quantifying dental caries best reflect the underlying genetic risk and would be most appropriate for future investigations of the specific genes influencing tooth decay.
To address these questions, we performed a comprehensive heritability analysis of caries-related phenotypes for both primary and permanent dentitions in 2,600 participants from 740 families. We explored multiple metrics for quantifying dental caries. The data used for this project were drawn from the ongoing oral health etiology studies of the Center for Oral Health Research in Appalachia (COHRA), a partnership between the University of Pittsburgh and West Virginia University.
Subjects and Methods

Recruitment
The Center for Oral Health Research in Appalachia (COHRA) was initiated to study the contributions of individual, family, and community factors to oral diseases in the Appalachian population. Details regarding this sample have been previously reported [Polk et al., 2008] . COHRA participants were recruited from two central West Virginia counties (Webster and Nicholas) and three western Pennsylvania counties (Allegheny, Washington and McKean). Eligible households had at least one parent-child pair in which the participating child was the biological offspring of a participating parent and was between the ages of 1 and 18 years. Participants were recruited without regard to their oral health status, and all members of eligible households were accepted into the study regardless of biological and/or legal relationships. Exclusion criteria included individuals with neurological impairment, severe physical or intellectual handicap, or psychosis, and families where one member of the biological parent-offspring pair had reduced capacity to resist infection or form blood clots. Written informed consent (or assent from children, with parental consent) was obtained from participants using forms and procedures approved by the COHRA research committee as well as the University of Pittsburgh and West Virginia University institutional review boards.
A total of 732 households, which included 2,600 individuals from 740 distinct biological families, were enrolled. Family sizes ranged from 1 to 20 individuals, with mean family size of 4.72 members. In total, 3,232 relative pairs were analyzed, including 1,817 parent-offspring pairs, 756 siblings, 347 half-siblings, 120 avuncular pairs, 104 first cousins, and 88 other relative pairs.
In general, the Appalachian population ranks very low compared to the nation as a whole in terms of many oral heath measures and access to oral health services [Grembowski et al., 1987; Huttlinger and Purnell, 1998; Janes et al., 1999; Centers for Disease Control and Prevention 1999, 2003 ]. While our sample is fairly representative of the Appalachian population, including households from a range of socioeconomic statuses, the majority of families are low-income (median annual household income less than USD 25,000). Note, however, that we also believe the Northern Appalachian region differs from many other areas of the USA only in the degree to which these stressors are concentrated in the population; thus, the results from our research may be broadly generalizable.
To validate the reported familial relationships in our sample, we analyzed 72 ancestry-informative single nucleotide polymorphisms genotyped by the Center for Inherited Disease Research at Johns Hopkins University [Marosy et al., 2007] . Using standard relationship-testing methods [O'Connell and Weeks, 1998 ] (not described herein) we identified and corrected family relationship errors before performing the analyses reported here.
Data Collection
All dental exams were conducted by dentists or research dental hygienists who were calibrated at least annually to one of the dentists who served as the calibration reference. Mean inter-and intra-rater concordance of caries assessments were high [Polk et al., 2008] . After drying of teeth (gauze or air) if needed, each surface of each tooth was scored by visual inspection using a dental mirror and artificial light. No explorer was used for occlusal or buccal/lingual surfaces. If interproximal caries were suspected, then an explorer was used if necessary. No radiographs were taken.
As per the World Health Organization DMFT/dft scale, each surface was scored as pre-cavitated (white spot) or decayed (according to the four-level classification system), filled, missing due to decay, hypoplastic, or missing due to reasons other than decay. To distinguish white spots from hypoplasia, the location and the characteristics of the lesion were considered. For example, characteristics of white spots include chalking, softening, or breaking in the enamel surface, none of which are characteristics of hypoplasia. Moreover, white spots commonly occur in areas prone to decay (e.g. pits and fissures), whereas hypoplasia more often occurs in areas which are prone to trauma during development (e.g. facial surface of an anterior tooth) and may have a group of small pits. From this assessment, the following two composite 'caries scores' were derived: (1) permanent DMFT score, which is a summation of D, M, and F permanent teeth, and (2) permanent proportion DMFT score, which was calculated as the DMFT score divided by the total number of permanent teeth for which we have data (i.e. teeth present plus teeth missing due to decay). Two composite variables were similarly calculated for primary dentition with the exception that the m component was not included in primary dft and primary proportion dft scores due to possible misidentification of un-erupted primary teeth. Likewise, the composite variables were calculated for 'total' dentition (DMFT + dft, etc.), which included both permanent and primary dentition together for those participants in the mixed dentition (i.e. having both permanent and primary teeth present). Finally, two forms of caries scores were calculated which either included (D1MFT/d1ft) or excluded (D2MFT/d2ft) white-spot lesions, which are considered pre-cavitation lesions. Permanent and primary caries scores were analyzed for individuals based on the presence of teeth of each dentition type, regardless of age. Individuals who did not have any teeth present were excluded from these analyses.
Statistical Analysis
Heritability analyses were performed within a variance components framework, which partitions the phenotypic variance into environmental, heritable and residual error components while conditioning on the pedigree structure of the data. The general form of this model is:
where y i is the dental phenotype for the i th individual, is the sample mean, X ji are the values of the predictors, j, for the i th individual, ␤ j are the regression coefficients for the j th predictor, g i is the individual additive polygenic effect (based on expected genetic sharing due to the familial relationship between relative pairs), and e i is the individual residual error effect [Almasy and Blangero, 1998 ]. Model parameters were estimated using pedigree-based likelihood methods, from which residual heritability (h 2 ; the proportion of phenotype variance due to genetic factors after adjustment for age and sex) was calculated. The significance of the sex parameter (indicating a difference between males and females) was assessed via the likelihood ratio test, which compares the full model (where the sex parameter is estimated) to the constrained model (i.e. where the sex parameter is set to zero) and follows the 2 distribution with 1 degree of freedom.
The significance of heritability was assessed empirically via analysis of 100 phenotype permutations to avoid inflation of the theoretical asymptotic p values that could result from deviations of the phenotype distributions from normality.
A bivariate extension of the univariate model above was used to estimate an additional parameter, genetic correlation ( G ), which describes the extent to which the same suite of genetic factors influence covariation of primary and permanent caries scores. This parameter indicates whether the same or different genetic effects are acting on the two traits. Significance of this parameter (whether G differed from zero or 1) was determined by comparing constrained and unconstrained models via the likelihood ratio test. Details regarding bivariate variance components modeling are available elsewhere [Almasy et al., 1997] . All variance components analyses were performed using the Sequential Oligogenic Linkage Analysis Routines (SOLAR) software [Almasy and Blangero, 1998 ]. Summary statistics and data manipulations were performed in the R statistical suite (R v.2.8.1, R Foundation for Statistical Computing, Vienna, Austria).
Power Considerations
Power to detect heritability ranging from h 2 = 0.10 to 0.35 was assessed in SOLAR via 1,000 simulations of a normally-distributed, heritable trait. Overall, power calculations indicated that we had sufficient power to detect heritability in our sample. Specifically, the power estimated to detect heritability of h 2 = 0.25 was 1 99% for permanent caries scores, 81% for primary caries scores, and 1 99% for total dentition caries scores. Power was near 100% to detect heritability of h 2 1 0.30 for permanent, primary and total dentition caries scores.
Results
Dental characteristics of the sample, including agespecific caries prevalence and caries scores for both permanent and primary dentitions are shown in table 1 . Caries prevalence and caries scores were similar between males and females aged 0-6 years, 14-18 years, and 1 18 years. In contrast, primary dentition caries scores (d1ft and d2ft), but not permanent dentition caries scores (D1MFT and D2MFT), were significantly greater in males than females in the mixed dentition cohort (those individuals with at least 1 primary and at least 1 permanent tooth, aged 6-14 years). Histograms showing the distributions of primary and permanent caries scores are shown in figure 1 .
The heritability (the proportion of trait variation due to genetics after adjusting for age and sex) of caries scores for primary, permanent, and total dentition are shown in table 2 . In general, dental caries were highly heritable for the primary dentition, with the cumulative effect of genes accounting for 54-70% of variation in primary caries scores. The heritability of caries scores in the permanent dentition was also moderate to high (h 2 = 35-55%), although somewhat lower than the analogous primary dentition caries scores. Overall, heritability of D1MFT/ d1ft scores (which include white-spot lesions) was slightly greater than D2MFT/d2ft caries scores (which exclude white-spot lesions). Likewise, the heritability of the proportion-DMFT/proportion-dft scores (proportion of caries teeth to at-risk teeth) was greater than the heritability of count DMFT/dft scores. Sex and age explained little (0-10%) of the variation in caries scores for the primary dentition. In contrast, sex and age explained a substantial portion (28-40%) of variation in caries scores for the permanent dentition ( table 2 ).
Heritability of total caries scores (counts/proportions of caries teeth across both primary and permanent dentitions) ranged from 29 to 40%, and were substantially lower than the analogous primary and permanent caries heritabilities. To further explore this observation, we calculated the genetic correlation ( G ) between the D1MFT proportion among permanent and the d1ft proportion among primary teeth. G measures the extent of overlap in effects of the genes which influence the two traits. The genetic correlation between D1MFT and d1ft proportions was G = 0.43, significantly greater than zero (non-pleiotropic; p ! 0.01), and significantly less than one (fully pleiotropic; p ! 0.01). This magnitude of G indicates that approximately 18% (the square of G ) of the cumulative effect of all genes involved is shared between primary and permanent dentition. In other words, some genes affect caries similarly in both primary and permanent dentitions, whereas the majority of genetic effects (82%) are due to dentition-specific caries genes or differential effect sizes of genes common to both primary and permanent caries. The genetic correlation between D2MFT and d2ft proportions was similar (data not shown).
Because the heritability estimates differed slightly between caries scores including and excluding white-spot lesions, we investigated the heritability of each component (D/d, M or F/f) of the DMFT and dft scores. Figure 2 shows the heritability of sound (without decay), white-spot lesion, decayed (D2/d2), missing, and filled teeth for permanent and primary dentition. As expected, the number of teeth with white-spot lesions or decay was highly heritable in both the permanent and primary dentitions. On the other hand, treated caries, such as missing and filled teeth, were less heritable, as was expected since these components are highly reflective of non-genetic factors such as access to oral health care.
Discussion
To our knowledge, this is the first comprehensive heritability study for dental caries focusing on both primary and permanent dentitions in individuals across a wide range of ages. We observed that caries scores were moderately to highly heritable, and that different genes may influence variation in primary versus permanent dentition. Our results echo previous reports indicating the important role of genes on the development of dental caries [Horowitz et al., 1958; Goodman et al., 1959; Boraas et al., 1988; Conry et al., 1993; Bretz et al., 2006] . Estimates for the heritability of caries scores from our study were generally lower than in previous reports, possibly due to differences in population, metrics for quantifying caries, and study designs (twins vs. family studies).
In general, we observed greater primary caries prevalence and greater primary caries scores in boys than girls (particularly in those aged 6-14 years), but similar permanent caries prevalence and permanent caries scores in men and women. Sex differences in caries prevalence have been reported for many years, although this remains controversial and may differ by culture and geographic region [Wyne and Khan, 1998; Khan et al., 2001; Antunes et al., 2003; Wyne, 2008] . In most reports, fe- 2 . Heritability of DMFT scores by components. Heritability of sound, white-spot lesion, decay, missing, and filled teeth for permanent dentition (black bars) and primary dentition (gray bars). Error bars represent 8 SE.
males typically exhibit higher caries rates than males across all age groups [Fujita et al., 2007] , possibly due to dietary or other environmental factors, earlier teeth eruption in girls, pregnancy [Lukacs and Largaespada, 2006] , or sex-dependent genetic factors . It is unclear why caries prevalence was greater in boys than girls in our study, or what factors may contribute to this difference in the COHRA study population, but these questions are under active investigation by our research group.
The high heritability of caries phenotypes [Horowitz et al., 1958; Goodman et al., 1959; Boraas et al., 1988; Conry et al., 1993; Bretz et al., 2006] has led to gene mapping efforts to find specific genetic loci contributing to caries susceptibility [Acton et al., 1999; Shuler, 2001; Chaussain-Miller et al., 2006; de Soet et al., 2006; Deeley et al., 2008; Vieira et al., 2008] . Each of these studies has identified genes involved in processes related to development of caries, including saliva composition and flow, tooth morphology, dietary and taste preferences, and enamel formation. However, most of these findings were reported in cohorts of very specific age ranges, and therefore may not be reproducible across all ages.
The reduced heritability observed in the analysis of total dentition caries led us to speculate that the set of genes affecting caries in both primary and permanent dentitions may be a subset of all caries genes. Therefore, we used bivariate modeling methods to test whether the set of genes affecting susceptibility to caries in primary teeth differed from the set of genes affecting susceptibility to caries in permanent teeth. Results of our bivariate models indicated that genetic determinants of caries in primary teeth largely differed from those in permanent teeth. This may be due to different suites of genes acting in disease genesis in primary and permanent dentitions, or due to genes that differentially exert their effects on caries development across the life course (i.e. genes that have weak effects on primary caries but large effects on permanent caries and vice versa), or both. Despite identification of some caries-related genes, the high heritability of caries phenotypes indicates that many genetic risk factors are yet to be determined.
To this end, a major goal of heritability analysis is to inform downstream gene mapping studies by identifying which 'phenotype' (the specific metric used to quantify caries) will yield the highest power to detect caries genes. In our study, we compared the heritability between two diagnostic thresholds of tooth decay by calculating caries scores including and excluding whitespot lesions (D1MFT/d1ft vs. D2MFT/d2ft) and by analyzing DMFT/dft components separately. For both primary and permanent dentition, D1MFT/d1ft caries scores exhibited higher heritability than D2MFT/d2ft caries scores. Moreover, for primary and permanent dentition, both white-spot lesion and decay components exhibited high heritability in the component-specific analysis. Taken together, these results indicate that white-spot lesions contribute to (rather than detract from) the heritability of caries scores and may be regulated by the same genetic factors as more advanced stages of tooth decay. Therefore, caries phenotypes that include white-spot lesions may be more powerful for gene mapping. Likewise, proportion caries scores, which (unlike the count DMFT/dft scores) take into account both the number of affected teeth and the number of atrisk teeth, demonstrated the greatest heritability, and therefore may be the most suitable phenotypes for future genetic studies.
The rich set of phenotypes in the COHRA study, such as caries scores including and excluding white-spot lesions and, most importantly, caries scores for both primary and permanent dentition, is one of the major strengths of this study. Another strength of our family study design is that, compared to twin studies, it is less susceptible to inflated heritability estimates caused by non-genetic familial factors. This is because twins (including dizygotic twins) are likely to share unmeasured environmental and behavior exposures that track with kinship coefficient (degree of relatedness), whereas inclusion of more distant relatives, such as half-siblings raised separately, cousins, and parent-offspring pairs (reared at different times and in different environments), help insulate heritability estimates from the effects of familial non-genetic exposures. Our study also benefits from an overall sample size that is substantially larger than previous heritability studies [Horowitz et al., 1958; Goodman et al., 1959; Boraas et al., 1988; Conry et al., 1993; Bretz et al., 2006] , and has high power to detect heritability. Further, family relationships were confirmed by genotype results from 72 ancestry-informative SNP markers. Finally, we accounted for potential study weaknesses arising from phenotype non-normality and sampling method through appropriate analyses and inference. We accounted for inflated asymptotic p values that may arise due to departure from normality by calculating empirical significance (based on permutations) of heritability. We also restrict our conclusions to the underlying sampling population derived from a demographic with poorer oral health and less access to oral health care than much of the US. The applicability of our findings to other US demographic strata is unknown at this time.
In conclusion, we have demonstrated the heritability of dental caries traits and provided evidence that different genes, or genes with differential effect sizes, are involved in tooth decay in primary and permanent dentitions. Moreover, we have shown that, from a genetic perspective, white-spot lesions are an important component of tooth decay, and we surmise that future studies of white-spot lesions along with more advanced tooth decay may lead to better understanding of the genetic determinants and biological pathways leading to dental caries.
